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We report the first measurement of 1/f type noise associated with electronic spin transport, using
single layer graphene as a prototypical material with a large and tunable Hooge parameter. We
identify the presence of two contributions to the measured spin-dependent noise: contact polarization
noise from the ferromagnetic electrodes, which can be filtered out using the cross-correlation method,
and the noise originated from the spin relaxation processes. The noise magnitude for spin and charge
transport differs by three orders of magnitude, implying different scattering mechanisms for the 1/f
fluctuations in the charge and spin transport processes. A modulation of the spin-dependent noise
magnitude by changing the spin relaxation length and time indicates that the spin-flip processes
dominate the spin-dependent noise.
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Noise in electronic transport is often treated as nui-
sance. However, it can have much more information
than the average (mean) of the signal and can probe
the system dynamics in greater detail than conventional
DC measurements [1]. Low frequency fluctuations with
a power spectral density (PSD) that depend inversely
on frequency, also known as 1/f noise are commonly ob-
served phenomena in solid state devices. A textbook ex-
planation of the processes generating 1/f noise is given by
the McWhorter model where traps are distributed over
an energy range, leading to a distribution of character-
istic time scales of trapping-detrapping processes of the
electrons in the transport channel and causing slow fluc-
tuations in conductivity [2–4].
Graphene is an ideal material for spin transport due
to low spin-orbit coupling and small hyperfine interac-
tions [5, 6]. However, the experimentally observed spin
relaxation time τs ∼ 3 ns and spin relaxation length λs ∼
24 µm are [7] lower than the theoretically predicted τs ∼
100 ns and λs ∼ 100 µm [8, 9]. There are a number of
experiments and theories suggesting that the charge and
magnetic impurities present in graphene might play an
important role for the lower value of observed spin relax-
ation time [10–14]. It is an open question whether these
impurities affect the spin transport in a similar way as
the charge transport, or if the scattering mechanisms in
both processes behave differently. For electronic trans-
port in graphene, the effect of impurities can be studied
via 1/f noise measurements. In a similar line, measuring
low frequency fluctuations of the spin accumulation can
unravel the role of impurities on the spin transport.
In this work, we report for the first time observa-
tion of spin-dependent 1/f noise, which we study on
graphene spin valves performed in a non-local geometry.
We find that the extracted noise magnitude (γs) for the
spin transport is three orders of magnitude higher than
the noise magnitude (γc) obtained from the local charge
noise measurements, indicating different scattering mech-
anisms producing 1/f fluctuations in the charge and spin
transport. Such a large difference had not been pointed
out until now, although different scattering mechanisms
for spin transport have been proposed before [12, 13]. In
a recent experiment, Arakawa et al. [15] measure a spin
dependent shot noise due to the spin-injection process.
Also, they rule out the effect of spin-flip scattering due
to similar Fano factor values obtained for the charge and
spin transport. In contrast, we measure the spin depen-
dent noise in a different frequency regime and find out
that the dominant scattering mechanisms contributing
to the 1/f noise are the processes which flip the spins,
giving rise to a higher noise magnitude compared to the
charge transport and highlighting the role of impurities
in the spin relaxation.
In order to perform the spin-dependent noise measure-
ments, we prepare graphene spin valves. Single layer
graphene is contacted with 35 nm thick ferromagnetic
cobalt electrodes with ∼ 0.8 nm thick TiO2 tunnel barrier
inserted in between for efficient spin injection and detec-
tion (see supplementary for fabrication details) [14, 16].
We characterize two different regions of our sample. They
are labeled as device A and device B for further discus-
sion. A lock-in detection technique is used for character-
izing the charge and the spin transport properties. All
the measurements are carried out in high vacuum (∼ 1 ×
10−7 mbar) at room temperature. For charge transport
measurements we use the four probe connection scheme
shown in Fig. 1(a), which minimizes the contribution of
the contacts.
Spin transport is measured by applying a current be-
tween contacts C1-C2 to inject the spins into graphene
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FIG. 1. (a) Cross correlation (XC) connection scheme
for local charge noise measurement and (b) non-local spin-
dependent noise measurements. A connection scheme for
spatial cross correlation (SXC) is also shown where the
XC analysis is performed over the voltage measured be-
tween contacts C3-C5 (V C3−C5NL , path1) and contacts C4-C5
(V
C4−C5(C4′−C5′)
NL , path 3). (c) An optical picture of the sam-
ple of single layer graphene (white dotted line) connected via
FM electrodes. Noise measurements are done in two regions
of the sample, labeled A (l=2 µm, w=1.5 µm) and B (l=1.5
µm, w ∼ 1.5 µm).
and measure the spin accumulation between contacts C3-
C5 (or C4-C5) in a four probe non-local detection scheme
as shown in Fig. 1(b). This method decouples the paths
of the spin and charge transport and thus minimizes the
contribution of the charge signal to the measured spin sig-
nal [16]. In order to perform spin valve measurements,
we first apply an in-plane high magnetic field (B‖) along
the easy axes of the ferromagnets to set their relative
magnetization in the same direction. Then, the mag-
netic field is swept in the opposite direction in order to
reverse the magnetization direction of the electrodes one
by one depending on their coercivity. Each magnetiza-
tion reversal appears as a sharp transition in the signal
(Fig. 2(a)). For Hanle precession measurements, an out
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FIG. 2. (a) Non-local spin valve measurement. The dotted
line represents the background level, which is estimated from
the Hanle measurement. 4VNL is defined as the spin accu-
mulation above or below with respect to the background level
(see supplementary for switching details). (b) Hanle measure-
ment is shown for the level II and level IV of the spin valve.
(c) noise PSD measured for the magnetization configurations
corresponding to level I, II and III in the spin-valve measure-
ment in Fig. 2(a). (d) the PSD plot for the Hanle config-
uration obtained at different magnetic fields, corresponding
to the circles indicated in Fig. 2(b). In Fig. 2(c) and (d),
`bg´represents the zero current background thermal noise.
of plane magnetic field (B⊥) is applied to precess the
injected spins around the applied field for a fixed mag-
netization configuration of the ferromagnetic electrodes.
A representative Hanle measurement from device A is
shown in Fig. 2(b). With this measurement, we can ex-
tract the spin diffusion coefficient Ds and spin relaxation
time τs, following the procedure described in ref. [16] and
use them to calculate the contact polarization (P ). For
device A, we obtain Ds ∼0.03 m2/s, τs ∼ 110 ps and P ∼
5% and for device B, Ds ∼ 0.01 m2/s, τs ∼ 290 ps and
P ∼ 10%.
In order to measure the noise from the sample, we use
a two channel dynamic signal analyzer from Stanford Re-
search System (model SR785) which acquires the signal
fluctuations in time and converts it into a frequency do-
main signal via Fast Fourier Transform (FFT) algorithm.
The 1/f noise of the charge transport in graphene is
measured in a local four probe scheme, similar to the
charge transport measurements (Fig. 1(a)). A dc cur-
rent is applied between the ferromagnetic injectors C2
and C5. Since the contacts are designed lithographically
on both sides of the ferromagnetic electrode, the fluc-
3tuations in the voltage drop Vlocal across the flake can
be measured via the contact pair C1-C3 (path 1) and
C1’-C3’ (path 2). The measured signals are cross corre-
lated in order to filter out the noise from external elec-
tronics such as preamplifiers and the spectrum analyzer
[17]. The electronic 1/f noise SlocalV is measured at dif-
ferent bias currents (Idc) at a fixed carrier density. By
fitting the spectrum with the Hooge formula for 1/f noise
i.e. SlocalV =
γcVlocal
2
fa , where Vlocal is the average voltage
drop across the flake and a is the exponent ∼ 1, we obtain
the noise magnitude for the charge transport γc ∼ 10−7
(device A in Fig. 1(c)), similar to the values reported in
literature [18–20] (see supplementary information for the
details). The charge noise magnitude is defined as the
Hooge parameter γcH divided by the total number of car-
riers in the transport channel, i.e. γc = γcH/(n ∗W ∗ L).
Here n is charge carrier density, W and L are the width
and length of the transport channel. γc depends both on
the concentration and the type of scatterers e.g. short
range and long range scatterers [18–22].
The spin-dependent 1/f noise can be expressed as:
4SNLV =
γs4V 2NL
fa
=
γs(Pµs/e)
2
fa
(1)
Here 4SNLV is the spin-dependent non-local noise, γs =
γsH/(n ∗ W ∗ λs) is the noise magnitude for spin trans-
port, e is the electronic charge and 4VNL = Pµs/e is the
measured non-local spin signal due to the average spin
accumulation µs in the channel [23]. Here γ
s
H represents
the Hooge parameter for spin tranport. In contrast with
the charge current, spin current is not a conserved quan-
tity and exists over an effective length scale of λs. Spin
transport in a non-local geometry is realized in three fun-
damental steps: i) spin current injection, ii) spin diffusion
through the transport channel and iii) detection of the
spin accumulation. All these steps can contribute to the
spin-dependent noise. For the first step of spin injection,
we use a dc current source to inject spin current, which
helps to eliminate the resistance fluctuations in the in-
jector contact, leaving only the polarization fluctuations
of the injector electrode as a possible noise source. The
polarization fluctuations of the injector can arise due to
thermally activated domain wall hopping/rotation in the
ferromagnet [24, 25]. The second possible noise source
contributing to the fluctuations in the spin accumula-
tion is the transport channel itself, either via the fluctu-
ating channel resistance or via fluctuations in the spin-
relaxation process. The third noise source, similar to the
first one, can be present at the detector electrode due to
fluctuating contact polarization.
The spin-dependent noise in graphene is measured non-
locally as shown in the connection diagram of Fig. 1(b).
During the noise measurement, we keep the spin injection
current Idc fixed (10 µA) and change the detected spin
accumulation in three different ways. At B⊥ = 0 T, i)
by changing the spin accumulation by switching the rela-
tive magnetization direction of the injector electrodes, ii)
by keeping the spin accumulation constant and changing
the spin detection sensitivity by switching the relative
magnetization direction of detector electrodes, and iii)
at B⊥ 6= 0 T, by dephasing the spins during transport
and thus reducing the spin accumulation. We can also
measure the noise due to a spin independent background
signal at high B⊥ ∼ 0.12 T, where the spin accumulation
is suppressed. The spin-dependent component4SNLV can
be estimated by subtracting SNLV (at B⊥ ∼ 0.12T) from
the measured SNLV .
For the non-local noise measurements in spin valve con-
figuration, the noise PSD measured (Fig. 2(c)) for the
magnetization configuration corresponding to a higher
spin accumulation (level II; blue spectrum) is higher in
magnitude than for the one corresponding to a lower spin
accumulation (level I; red spectrum) of the spin valve in
Fig. 2(a). In a similar way for the Hanle configuration, we
measure the maximum magnitude of the spin-dependent
noise for B⊥ = 0 T, corresponding to maximum spin ac-
cumulation (Fig. 2(d)). On increasing |B⊥|, both the spin
accumulation and the associated noise are reduced. In or-
der to study its dependence with the spin accumulation,
we fit each measured spectrum of SNLV versus frequency,
obtained at different spin accumulation values (4VNL)
with Eq. 1 in the frequency range of 0.5 Hz-5 Hz. We take
the value of SNLV at f = 1 Hz from the fit as a representa-
tive value of the 1/f spectrum. The exponent a obtained
from the fit is ∼ 1. A summary of the data points for
the noise PSD at different values of spin accumulation,
obtained for device A using Hanle precession is plotted in
Fig. 3(a). The 4SNLV ∝ µs2 relation is valid in the lowest
order approximation. The parabolic fit of the measured
non local noise using Eq. 1 gives γs ∼ 10−4. It should be
noted that γs ∼ 1000× γc, for the same device. Geomet-
rical factors such as length scales cannot account for such
a huge difference, as for this sample we obtain λs ∼ 1.5
µm which is similar to the channel length for charge 1/f
noise. The three orders of magnitude enhanced γs points
towards distinctive scattering processes affecting the spin
dependent noise, in contrast to the charge 1/f noise. Our
findings can be explained along the direction of the re-
cently proposed resonant scattering mechanism [12] for
spin transport where intrinsically present magnetic im-
purities strongly scatter the spins without a significant
effect on the charge scattering strength. The scattering
cross section of these impurities can fluctuate in time and
could give rise to a spin dependent 1/f noise.
An analytical expression for the spin-dependent noise
(at f = 1 Hz) which is derived from the equation for the
non-local spin signal 4VNL (see supplementary for the
complete derivation) can be written as:
4SNLV
4V 2NL
= γs ' SP
P 2
+
Sλs
λs
2
(
1 +
L
λs
)2
(2)
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FIG. 3. (a) summary of noise measured for different spin ac-
cumulation potentials in Hanle configuration (device A) and
the parabolic fit for the data (red line) using Eq. 1. Here
blue dotted line denotes the spin independent charge noise
background i.e.SNLV (at B⊥ ∼ 0.12T) (b) Spin dependent 1/f
noise in Hanle configuration, measured as a function of back-
gate voltage (device B). The increased background noise at
4VNL=0 V can come from the charge noise contribution to
the non-local signal (SV1/f ∝ I2Rsq2). (c) The graphene sheet
resistance increases at negative back-gate voltage reflecting
the n-type doping in graphene and the spin relaxation time
(red circles) decreases at lower carrier density for the sin-
gle layer graphene, resulting in lower value for λs. (d) γ
s is
increased for lower value of λs(τs) (black stars), indicating
the influence of the spin-flip processes on the extracted noise
magnitude for spin transport. A plot of γs versus λs with
Eq. 2 (red curve) shows similar behavior. For the plot, we
assume the polarization noise (offset) to be zero, the values
for L =1.5 µm and Sλs ∼ 10−16 m2Hz−1
where SP is the contact polarization noise which
is Fourier transform of the auto correlation function
for the time dependent polarization fluctuations i.e.
F〈P (t)P (t+τ)〉 , Sλs is the noise associated with the spin
transport i.e. spin relaxation noise (F〈λs(t)λs(t+τ)〉), L
is the separation between the inner injector and detector
electrodes. Eq. 2 suggests that γs is increased for lower
values of λs. In order to confirm that the spin-dependent
noise is affected by the spin transport properties, we mea-
sure SNLV as a function of the back-gate voltage (carrier
density). In agreement with literature [26, 27], a higher
τs is observed at higher charge carrier densities for sin-
gle layer graphene (Fig. 3(c)). The representative data is
shown for device B. It is worth emphasizing here that for
similar charge and spin transport parameters (Rsq, λs) for
device A (350 Ω, 1.8 µm) and device B (400 Ω, 1.6 µm),
we obtain similar values of γs ∼ 10−4. However, both
devices have different values of contact polarization P ∼
5% for device A and P ∼ 10% for device B. This similar-
ity in γs values despite the difference in P indicates that
there is insignificant contribution of the contact polariza-
tion noise to the extracted γs. On the other hand, for the
noise measurements at different carrier densities, we get
an increase in γs at lower values of τs (Fig. 3(d)). The
carrier density dependent behavior of the extracted γs is
in qualitative agreement with the λs dependence of γ
s in
Eq. 2 (red curve in Fig. 3(d)), supporting our hypothe-
sis that the measured spin-dependent noise is dominated
by the noise produced by the spin transport (relaxation)
process in graphene.
In order to estimate/filter out the contribution of the
contact polarization noise in our measurements, we use
spatial cross-correlation (SXC). We measure the contact
polarization noise (=SP /P
2 × 4V 2NL ∼ 10−16 V2Hz−1)
which is lower by two orders of magnitude than the
spin relaxation noise power between C3 and C5 (=
Sλs/λs
2 × 4V 2NL ∼ 10−14 V2Hz−1)(see supplementary
for measurement scheme). Here, based on the reciprocity
argument for the injector and detector in spin-valve con-
figuration, we can assume equal noise contribution from
the injector electrode and can safely rule out the effect
of the polarization noise.
Since the spin accumulation µs ∝ exp(−L/λs), the spin
relaxation noise is also expected to decay exponentially
in accordance with the relation 4SNLV ∝ µs2. We extend
our analysis to study the distance dependence of the spin
relaxation noise. With the spatial cross-correlation we
can also measure the spin relaxation noise between the
detector contacts C4 and C5 while removing the polar-
ization noise from contact C4. For this, we measure the
spin-dependent noise at different detector contacts via
path 1 and path 3 in Fig. 1(b) independently, and cross
correlate the measured signals (see supplementary). The
polarization noise contribution from the reference detec-
tor C5 is expected to be negligible due to the lower value
of spin accumulation at the contact (LC1-C5/λs ∼ 4).
We measure 4SNLV at the detectors C3 and C4 for two
back-gate voltages: at Vg = 0 V (metallic regime) and
at Vg = -45 V (close to the Dirac point) (see supplemen-
tary information). Using the derived Eq. 2, we can now
calculate λs from the noise measurement as:
SC3λs
SC4λs
'
(
exp
LC3−C4
λs
)2(1 + LC1-C3λs
1 + L
C1-C4
λs
)2
(3)
Here SC3λs and S
C4
λs
are the spin relaxation noise at con-
tacts C3 and C4, and LCi−Cj is the separation between
contacts Ci and Cj (i, j = 1,3,4). The solution to Eq. 3
for the experimentally obtained noise ratios gives a value
of λs ∼1.5 µm and 1.0 µm at Vg = 0 V and -45 V, re-
spectively. A close agreement with the values obtained
independently from the Hanle measurements (λs ∼ 1.5
5µm at Vg = 0 V and 1.1 µm at Vg = -45 V) validates the
analytical framework of Eq. 2 and Eq. 3.
By performing the first measurement of 1/f noise asso-
ciated with spin transport, we demonstrate that the non-
local spin-dependent noise in graphene is dominated by
the underlying spin relaxation processes. The obtained
noise magnitude for charge and spin transport differ by
three orders of magnitude, indicating fundamentally dif-
ferent scattering mechanisms such as resonant scatter-
ing of the spins, where the fluctuating scattering cross-
section of the intrinsically present impurities could pro-
duce the spin dependent 1/f fluctuations [12]. The pre-
sented work establishes 1/f noise measurements as a com-
plementary approach to extract spin transport parame-
ters and is expected to be valid other spintronic materi-
als, where impurities play an important role in modifying
the underlying spin relaxation process.
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6Supplementary Information
SAMPLE PREPARATION
Graphene is mechanically exfoliated from a highly ori-
ented pyrolytic graphite (HOPG) ZYA grade crystal on
to a pre-cleaned Si/SiO2 substrate (300 nm thick SiO2),
where n++ doped Si is used as a back gate electrode.
Single layer graphene flakes were identified using an op-
tical contrast. Ferromagnetic contacts are patterned via
electron beam lithography on the PMMA (poly (methyl
methacrylate)) coated graphene flake. Then, 0.8 nm of ti-
tanium (Ti) is deposited in two steps, each step of 0.4 nm
of Ti deposition followed by in-situ oxidation by pure O2
to form an oxide tunnel barrier to overcome the conduc-
tivity mismatch problem [28]. On top of the oxide barrier
we deposit 35 nm of cobalt for the spin selective contacts.
To prevent oxidation of the ferromagnetic electrodes, the
contacts are covered with 3 nm thick aluminum layer.
LOCAL CHARGE NOISE MEASUREMENTS
AND ITS MAGNETIC FIELD DEPENDENCE
For the noise measurements, we record 800 samples at
a high sampling frequency (262 kHz) and measure the
1/f noise in the frequency range of 25 Hz with the reso-
lution of 31.2 mHz. The final spectrum is recorded after
performing the root mean square averaging over 20 FFT
spectra.
We measure the charge 1/f noise associated with the
flake in a local four probe measurement scheme, shown in
Fig. 1(a) in the main text, using following equation[29]:
SV
V 2local
=
γc
fa
(4)
where SV is the PSD of voltage fluctuations (units
V2/Hz), γc is the noise magnitude i.e. the normalized
Hooge parameter γcH with respect to the total number of
charge carriers in the channel and characterizes the noise
magnitude of the material, and Vlocal is the average volt-
age drop across the sample. With the cross-correlation
(XC) scheme, we are only sensitive to the noise from
the conducting channel. As expected, the noise increases
with the bias current (Fig. 4). We obtain γc ∼ 10−7 by
fitting the spectrum with Eq. 4. Here, we would also
like to mention that the 1/f noise in Fig. 4 nicely scales
with Idc
2, implying that we are only sensitive to the 1/f
noise fluctuations from the flake and the current source
is not introducing the frequency dependent fluctuations
from the contact through capacitive coupling. When the
impedance of the current source becomes equivalent to
the contact resistance at higher frequencies (∼≥ 10 MHz
) due to capacitive coupling, the noise in the injected
spin current can come from the fluctuating contact resis-
tance. In this case, the noise would increase at higher
frequencies. On the other hand, we observe the oppo-
site frequency dependence for the measured noise going
down at higher frequencies complying with the 1/f noise
behavior, and the noise is measured at very low frequen-
cies where the impedance of the current source is almost
constant and is much higher than the contact resistance,
ruling out the effect of the contact noise on the measured
signal.
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FIG. 4. 1/f noise of the flake is measured in a local four
terminal geometry (Fig. 1(a)) described in the main text.
There could be local magnetoresistance (MR) con-
tributions from the ferromagnetic contacts and the
graphene flake present in our measurements. In order to
rule out the flake MR contribution to the noise, we apply
an out of plane magnetic field (B⊥) with a dc current of
10 µA is applied between the outer contacts and the noise
is measured between the inner contacts. Similar measure-
ments are performed for the contact magnetoresistance
in a three terminal connection scheme where noise at the
graphene-tunnel barrier interface is measured. However,
we do not observe a detectable change in the noise level
at different magnetic fields for both the measurements
(Fig. 5 and Fig. 6). In this way we can discard the con-
tribution of the MR coming from the graphene flake and
the contacts to the observed magnetic field dependent
non-local noise.
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FIG. 5. Noise associated with graphene-tunnel barrier inter-
face measured via the XC method in a three terminal connec-
tion scheme (shown in the inset) for different values of B⊥.
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FIG. 6. Local noise of the graphene channel measured via
the XC method as a function of B⊥. The connection scheme
is shown in the inset.
SWITCHING BEHAVIOUR OF THE CONTACTS:
SPIN VALVE MEASUREMENT
In our spin-valve measurements (Fig. 2(a) of the main
text), we observe an asymmetric switching of the cobalt
FM contacts for the positive and the negative sweep of
the in-plain magnetic field. This behavior has been ob-
served before for spin transport in graphene [30, 31]. For
Idc Vnl
FIG. 7. A two channel circuit model representing spin trans-
port in graphene in the non-local geometry. The horizontal
resistor lines represent the channel resistance for spin up (red)
and spin down (blue) connected via a shunt spin relaxation
resistance (blue-white). The vertical branches represent the
ferromagnetic electrodes with spin up (small red resistor) and
spin down resistance (big blue resistor). The transport chan-
nel is represented by a repetition of series and shunt resis-
tance.
cobalt contacts, if there is an anti-ferromagnetic cobalt
oxide layer formed on the side or top of a FM electrode,
it can induce an exchange bias on the cobalt magneti-
zation, which leads to a shift of the hysteresis loop and
can cause different switching fields for positive and nega-
tive magnetic fields [32]. For the positive magnetic fields
we observe the switching of all four electrodes. How-
ever, for the negative fields, two electrodes seem to switch
imultaneously, and instead of four, we only detect three
switches.
CIRCUIT ANALYSIS
In order to identify the noise sources, contributing to
the measured non-local noise, we develop an elementary
2-channel resistor model as described in ref. [33], rep-
resenting true spin and charge transport properties of
the measured device (Fig. 7). A ferromagnetic injec-
tor/detector is represented as a combination of two par-
allel resistors corresponding to spin-up and spin-down
resistances, chosen in a way that they satisfy the condi-
tion for measured contact polarization P =
RC↓ −RC↑
RC↓ +R
C
↑
and
the contact resistance RC =
RC↓ R
C
↑
RC↓ +R
C
↑
. Since graphene
is non-magnetic, one can represent the spin resistance
Rs = Rsq 4 x/W as a parallel combination of Rs↑ and
Rs↓, where R
s
↑ = R
s
↓ = 2 × Rs. Here 4x is the length
scale of graphene for which the channel and the re-
laxation resistance are defined. The model can be re-
8fined by taking smaller 4x. The spin-relaxation process
in the circuit is represented by the relaxation resistor
R↑↓ = 2Rs × λs/4x. For our simulation, we take the
ratio λs/4x = 3, i.e. incorporating three relaxation re-
sistors in one unit of λs. The thermal noise background
is simulated by replacing each resistor by a noise-less
resistor connected to the equivalent root mean squared
(rms) current noise source of inoise =
√
4kBT
R4f parallel
to it at 4f=1 Hz. The response of the equivalent cur-
rent source is measured as a voltage difference between
the detector pairs. In this way, one can estimate the
contribution from the relaxation shunt resistors, chan-
nel resistance, and the contacts separately. The total
noise is the root mean squared sum of the contribution
from all the circuit components. A major contribution
of the simulated noise comes from the detector contacts,
since the equivalent resistance of the circuit is dominated
by the detector resistance and when there is no current
flow in the circuit, one observes the equivalent thermal
noise background. The value obtained from the simula-
tion is ∼ 1.4×10−16 V2/Hz at room temperature and the
thermal noise measured experimentally for our non-local
circuit is ∼ 10−16 V2/Hz, supporting the validity of our
circuit model.
When a non-zero dc current flows through the
graphene, 1/f charge noise is generated in addition to the
background thermal noise. Coming back to our 2-channel
resistor model, for non-zero current, we know the amount
of current (i) flowing through each circuit element, which
can be converted to the equivalent rms noise current
inoise
1/f =
√
γH ∗ i/f. Here we use γH = γc ∼ 10−7 and
all the calculations are done at f = 1 Hz. In a similar way,
for the thermal noise simulation, we estimate the charge
1/f noise contribution at the non-local detector pair. The
total 1/f noise (∼ 6 × 10−17 V2/Hz) due to charge 1/f
noise is much lower than the noise we measure in the
non-local geometry. For the thermal noise simulation, we
can estimate the charge 1/f noise contribution from the
channel resistors (∼ 10−18 V2/Hz ), relaxation resistors
(∼ 10−21 V2/Hz ) and the contacts (∼ 10−17 V2/Hz) at
the detector. The total 1/f noise (∼ 6× 10−17 V2/Hz) is
again dominated by the detector 1/f noise. However, it is
clear that the noise contribution due to charge 1/f noise
is much lower than the noise we measure in the non-local
geometry. From the spin-dependent noise measurements
at different spin accumulation, we experimentally obtain
the proportionality constant γs ∼ 10−4 i.e. 103 times
than the γc for the charge noise. Using γH = γ
s = 10−4
we can simulate the noise level ∼ 10−14 V2/Hz, close to
the observed noise level in our measurements. We again
confirm that it is only possible to see such a high noise
non locally with a higher γH, which is not possible via
the mechanism producing the charge 1/f noise.
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FIG. 8. (a) Hanle precession measurements for parallel [↑↑]
and the anti-parallel [↑↓] magnetization of the inner injector
and the detector electrodes. The background signal is denoted
by black dash line (b) Non-local noise measurement for B⊥ at
-0.25 T and 0.25 T corresponding to the black vertical arrows
in the Hanle curve.
BACKGROUND NOISE IN NON-LOCAL
GEOMETRY
In order to confirm that the magnetic field dependence
of the measured noise is not originated by the non-local
background, we measure the non-local noise at high pos-
itive and negative perpendicular magnetic fields (B⊥ ∼
0.25 T and -0.25 T) where no spin accumulation is present
(Fig. 8(a)). the non-local signal is different due to differ-
ent background MR (dashed line in Fig. 8(a)). However,
we do not observe any difference in the noise level for
high positive and negative B⊥, confirming that there is
no detectable noise contribution from the non-local back-
ground signal(Fig. 8(b)).
SPIN-DEPENDENT NOISE: ANALYTICAL
EXPRESSION
We quantitatively analyze the analytical expression of
the non-local spin signal in order to figure out the domi-
nant sources of spin sensitive noise. The measured non-
local voltage 4VNL = 4RNL × I for the spin-valve ge-
ometry is expressed by Eq. 5:
4VNL = P
2IRsqλsexp(−L/λs)
2W
(5)
Here P is the contact spin polarization, I is the cur-
rent applied at the injector contact, Rsq is the square
resistance of graphene, λs is the spin diffusion length in
graphene, L is the spacing between the injector and the
detector contact and W is the width of the transport
channel.
The fluctuations in 4VNL in time are represented by
the correlation function:
RNLV (τ) =< 4VNL(t) ∗ 4VNL(t+ τ) > (6)
9The noise associated with different parameters
(P,Rsq, I, λs) can be written in form of a power
spectrum SNLV (f), which is the Fourier transform of
RV NL(τ):
(7)
SNLV (f) '
exp(− Lλs )
2
4W 2
[(P 2IRsq)
2
(
1 +
L
λs
)2
Sλs(f)
+ (P 2λsRsq)
2
SI(f) + (P
2λsI)
2
SRsq(f)
+ (2PIRsqλs)
2
SP (f)]
This equation can be rewritten as
SNLV (f) = AλsSλs(f)+AISI(f)+ARsqSRsq(f)+APSP (f)
(8)
where SP is the due to the polarization fluctuations at
the injector/detector electrode which is the Fourier trans-
form of the auto correlation function for the time de-
pendent polarization fluctuations i.e. F〈P (t)P (t + τ)〉 ,
Sλs is the noise associated with the spin transport i.e.
spin relaxation noise (F〈λs(t)λs(t + τ)〉), SI(f) is the
noise from the external current source (F〈I(t)I(t+ τ)〉),
SRsq is the 1/f charge noise and the thermal noise from
the channel (F〈Rsq(t)Rsq(t + τ)〉). Here we take the
assumption that the fluctuations in all four parameters
(P,Rsq, I, λs) are uncorrelated. We can measure SI in-
dependently and SRsq is the local 1/f noise (Fig. 4). Af-
ter removing the contribution of SI(∼ 10−23 V2/Hz)
and SRsq(∼ 10−22 V2/Hz) to SNLV , which are negligi-
ble compared to the observed noise (∼ 10−14 V2/Hz),
the only dominant sources of noise in the measured non-
local signal are the polarization fluctuations at the injec-
tor/detector electrodes and the fluctuations in the spin
transport parameters (λs =
√
Dsτs ). However, assum-
ing Rsq and λs uncorrelated is not strictly true. These
quantities are correlated as λs depends on the channel
resistance with λs going down with the increase in the
channel resistance, which would lead to different λs de-
pendence of the analytical expression i.e. Eq. 8.
NON-LOCAL NOISE VIA CROSS CORRELATION
A measured non-local noise at the detector (SVNL) in
the presence of spin-accumulation (spin-current) can be
represented by Eq. 9:
SVNL = SP
C1 + SP
C2 + Sλs
C1−C2 + Sbg (9)
Here SCiP is the contact polarization noise, Sλs is the noise
due to spin accumulation (relaxation) between contacts
C1-C2 and Sbg is the electronic noise contribution due
to residual charge current flowing in the non-local cir-
cuit and the thermal noise background. Sbg does not
carry any spin-dependent information. On applying a
high magnetic field B⊥ ∼0.1 T, perpendicular to the de-
vice plane, one can suppress the spin transport and the
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FIG. 9. (a) Spin-dependent noise measured from path 1 and
path 3 and the SXC of the signals. (b) Spin-dependent noise
measured from path 1 and path 2 and the XC of the sig-
nals. Both the measurements are done following the connec-
tion scheme shown in Fig. 1(b) in the main text.
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FIG. 10. SXC noise (spin relaxation noise) measured at con-
tact C4 at (a) Vg=0V and (b)Vg=-45V, for different magnetic
fields. The spin relaxation noise at C4 for Vg=-45V is lower
due to reduced spin transport parameters.
measured non-local noise contribution at high B⊥ can
come from the background charge 1/f noise (Sbg) due
to non-homogeneous charge current distribution in the
non-local regime. In this way the spin-dependent noise
(polarization and spin accumulation) can be separated
from the total noise.
Polarization fluctuations in each contact are indepen-
dent from each other and one can filter the polarization
noise from the spin current noise by using the spatial XC
method. We measure the non-local noise via XC scheme
as shown in Fig. 1(b) in the main text. Simultaneously
we also record the single channel noise for contact pair
C3-C5 (path 1) and C4-C5 (path 3). Single channel noise
includes the polarization noise contribution of the con-
tact pair on top of the spin relaxation noise between the
contacts. These contributions can be summarized in fol-
lowing equations:
SNL
channel1 = SP
C3 + SP
C5 + Sλs
C3−C5 (10)
SNL
channel2 = SP
C4 + SP
C5 + Sλs
C4−C5 (11)
10
Sxcorr
C3−C5⊗C4−C5 = Sλs
C3−C5 + SPC5 (12)
Note that we have not included the background noise
contribution term here as it can be estimated separately
at B⊥ ∼ 0.1 T via the procedure described above and the
final equations can be rewritten without the background
contribution. On the other hand, the spatial cross corre-
lation of VC3−C5 and VC4−C5 will have total noise contri-
bution Sxcorr
C3−C5⊗C4−C5 only from the outer detector
C5 (SP
C5) and the spin relaxation noise Sλs
C4−C5.
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FIG. 11. Contact polarization noise measured for contact
C4 at B = 0 T (red) and at B = 80 mT. For the current
injection at C1-C2, the spin-dependent noise between contacts
C3-C4 and C4-C5 are cross correlated and only the noise at
C4 is measured. For B⊥ ∼ 80 mT, the polarization noise is
reduced to the background noise in the absence of the spin
accumulation underneath the contact.The connection scheme
is shown in the inset.
The advantage of spatial cross correlation over the
regular cross correlation method is demonstrated in
Fig. 9(a). For the regular XC measurement, we do not
observe any difference between the single channel noise
and the noise computed via XC method Fig. 9(b). The
reason for this is the contribution from the contact leads
and the external electronics is much lower than the mea-
sured noise level between the contacts C3 and C5. There-
fore, the uncorrelated signals do not affect the measure-
ment. On the other hand, by using the spatial cross cor-
relation method one can eliminate the polarization noise
contribution from different detectors and the method al-
lows to see the noise contribution which is shared between
the detector pairs C3-C5 and C4-C5 i.e. spin relaxation
noise between contacts C4 and C5 (∼ 5×10−15 V2Hz−1),
without the contribution of the polarization noise from
C4. Using Sλs ∝ µs2 relation, we can extrapolate the spin
relaxation noise at contact C3 (path 1), which should be
approximately four times higher than the spin relaxation
noise at C4 for λs=1.5 µm i.e. (∼10−14 V2Hz−1). From
Fig. 9(a), we can say that the extrapolated spin relax-
ation noise is almost equal to the spin-dependent noise
measured via path 1 (∼ 1.4 ×10−15 V2Hz−1 at f = 1
Hz), leading to the conclusion that the spin-dependent
noise at C3 is dominated by the spin relaxation noise in
graphene.
We also measure the contact polarization noise sepa-
rately by cross correlating the noise measured from the
detector pairs C3-C4 and C4-C5, while C1 and C2 are
the current injectors. Here only the noise from contact
C4 is measured for different values of B⊥ ( spin accumu-
lation) underneath the contact. We clearly see the spin-
dependent noise (contact polarization noise in this case)
is reduced to the background noise at B⊥ ∼ 80 mT,
where spin accumulation is suppressed (Fig. 11). The
polarization noise is ∼ 10−16 V2Hz−1 (at 1 Hz), which
is negligible compared to the measured spin relaxation
noise i.e. ∼ 10−14 V2Hz−1.
